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CHAPTER 1.

1. Fiqure 1.5 shews a +hree - degrees-of - freedlom yobot usin el on‘e&no‘-t
i eg T
{/){Z
system. Find the kinematic solution for +his ayme . That is , 3‘3\0
fmr the possition of the homd ™ space (x,Y, ond ) oz a function ef +he

joint vewiokles ¥. ¢ . 6.

olution: XK= Ycos P - 2089

g = Yoo €m@

24 :T-%?Y\Cb \/

2. Selve problem 1 for +he artrendated com  in Figuve 1.8, expressing X, Y4, and

Z as functiens ef Gi, Q@ , andk ©3 .

Solutton:s Finstmost , we asswme thet there e no

orm 3,  +het g ¥e=©0 . Then frem p
X'=¥2 w03 Q) coS@2—~T)
Y’ = ¥28ine1 - S‘M(@z“g)}z/= i+ ¥ 3m(@2_—q—%

9 =02t0s — 3

= Y3028 cos (02+ O3~ - )=-; e 3™ (Ot 64
Y7 = ¥ 0, eos (g2 483~ AT )= 7061~ & (Q2+ O3)

7 = ¥a cos (§2+ O3)
.« {’ X =Y S 022080, — Y3 0S8 8™ (0:+03)
|

3 ‘-—‘-Xz‘g\?v»@ 280 @) — Yg s0180 (82F @5)

Z = ¥i— % COSQz + Y30 (0:>+03)

r\(b

ol 4
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4. Selve problem 3 for the articwloted aym m Fr\?wre "g expressing G, 0 ol O3

as functiens o)c X, Y, X

Selwtion: Frem vaob‘em 2 we  hewe

Y _ sing (¥280n02= M8 (04631 _ 1on g,
X 0861 [ 12802~ ¥z S-A02163)]
€= tan™! (ﬂ;‘_) let Q= c026. b=atag 2o N
X = Az 80z — ¥3 & (821 63)
-7 = — Yoo ©> +¥3 00S (Q2+ O2)

()= %> evfor + % s (9:103) —2¥e¥s 028 (02103)

o=

(2= ¥)T= ¥ os28, + ¥e ¥ (02108:) - 2 ¥ Tz ®@s6> A (B2163)

(i) +(E=- Y1) = Vo + ¥z — 2%:-Y3 coS Os
. i z.z+ % ) b (Z X') ~
Sr By =roge T Lo o 2(fz/a)’3 ) S o

And x£/a = Yo B2 — ¥z (89w 0z co8 Q@3 + wg@ag\‘mes>
Let C=co€ s > ’oﬂ= s O3 ,  +hen
N /o = Yo&mBe— ¥a<: 8780z — Yz ol coc@.

= (¥=—¥2-C)SMB2 — ¥a-ol- corB2

X = 8§, - OAINX ~— OBz~ Shnol = S;V\(Sz"ok)
A C==¥-0)" + T -k*

where -D&‘—“W\" [—B’a*ct /(Ya-l’vc)j

| [ X |
A J(Y-—¥z-C) ¥ ol j

Thus , we howe . @‘=+om_‘(—“— \/ ,—i oG, , b= em6)
-x[Xz-P('s (X/a) Hz‘- ¥ 1 &

e 62 =

O3 = o)

> Y2~ Y- :
d l
< & tan"' [ ¥a-d/(B—¥=-C)] t

E @z=&mLf"</a v O T dede 4+ BB

/_77\’/ e O fa o lEs (7“4 4 4 /z;j/g-
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HomeworR  mo:t Robotics Ren m. Chen
ChoptsR & . Write the hemogenceus traneform mokreX  thet r‘e,JaYegen?ﬁs

@ a tromelation of <3.7.9 >, follswed by

(k) o vyotation Of 96° akout the Z ax;é . followed b\t‘

(&) o vyotation e = g absut +the X axis

SO{MCOY\" : ‘(’ o) D%\
Tm 3/’ - O 1 07
el kg 12 ) oo 19
L0 O O I

" D= O O)

Rot (2, 90)= I O 0 O
Olol i o

. 0 0 o |

[ 1 sio &

Riog. 4% ~§@Yy =P8l O
o =1 & ©

L OO © |

i MmATHLAR

komogene cus *tmmsform =[Qe’c (N s —7 5)1‘ [Rct (%, ?o")]{Tmc (3,7)‘?)]

0 -1 'o =97
= |0 i I 9
= | o _ 8 5B

0 26

0 l /
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Chaptzr € = 8.9. 1O | /17//

€. (o ExP(can how R s orviented reletive to W (i.e., whet type of vototiong oy

Fer Pmb‘em 8 to . counsidsr the ff’”ewtnj (‘f‘Qer‘ to Fi?wre 66) ., Lg%%/ \/

o

///‘\ Ol |, O3 2

,/ / \\//> H TR“ B
S S N © 0

N e

| \

ER\Q Y oS
u\\ i *‘“‘*“/ RT_o—loa
bt P p- H— O @ =1-2

RN b Te oo o IJ

u
FIGURE €.6

+romsglatione howe been Fm'olememte,oﬁ to  derive ‘quva R frcm frome W) .
®) QeFeoct‘ the obove -Fov- ]Qrwme H velotive +to R. Asswme ot om@,\;g one yotation

}\O\S been T'M(b‘evv\eh'\?eoq in lboth cacge.

g (@> Guen = ueo/'GOR >fl; 2,3 m framQ H. -Jﬁcno( ite expregsion " fra/me R

Solukion (@) R s obtained from U 53
1. A ~yotetion of = 90° chout E axie . followed by
2. A Yromslation of EZ = SJT \/
(b)) H coan be oktained f‘vem R }:\({
1- A yotation o} 120° adoout X aix$ ,fo\leweo( \;}j

2. A treslation gf [l B Z]T /

7

(b) ‘:l\v\o\ +he ex,’bY‘eS&TOY] Of vectoR E‘) 25 3 ] Cin fm\"‘\e H ) W ‘fm/ﬂ’\‘e (/( v

Selutions (&)

Rx : I o O ! | 2]
Ry - [2 o -1 03 2 ‘z
Py H = | = __‘%
Ry 3 O @ 2 i35 7 _
| ¢ 0o oo 1) L) 1] /
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67\ (b) I 39:\7 Gonfused a-gbm ‘H’\E &'{-oxeme,wf

8D i\f Fls 2,127 is in fvwme | 'fi“d the exprestion in W,

) ;j E\)Z>33 is mn frovvv\e 8 » Fimo( +he exPYEQSCQM " H

e 1o©(‘l" S & 2711y 1
“Yl= (o g B3l .1=1-004& 214
Hyg OO"Zi GLe B 4
| o © o1J] L0 © ol DAY \/

0. Find

UTH‘ ool verify the result obtoinesdd W & (b)

Sdu:ﬁon:

© =1 O 2 oo T 2l 0O -1 o §
:l‘*; 0 O 4]_(0 Qe Bt O Y
|0 o ! 5J§O @i 2 o ©o -1 17
Lo o o | L0 1ol © ) B o | O

VERIFICATION OF 8 Ch) *

o TO D F=oo T
Ret (x,180) = 8 ey 1 O] Tromg (1,3, 2)"§o 6 12
©c o o I {0 0ol
| 0
] oy __ | O-1 O 3| _R
TRANR (],3,2)~ Rot (X, 180°) = o o -2 Tw
O O oI

e

VERIFIED!/

U
[(X ' T |01 o2 Lo oll 1y I3
U
§U=MTH§~“TR~RTH ;Z“'OO‘F\O“O% 2= |2
Mz | 7] o0 t5 lgo-12| |3 |4
LUy ! \ LO 0OO0I] |vpo ol L] (t]
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ME 442 Robotics
Forward Kinematic Problem Set One
1. The following frame definitions are given as known.

Chen

4 > g

* N S

& T W
Z

Drawv =a

frame diagram that shows the position of these frames with respect to

each other.

This drawving need not be exact but should provide the

roive
relative positions. Then sioeme for BTC.
e —_
0. 866 -0. 500 0. 000 11.0
UTA= 0. 500 0. 866 0. 000 -1.0
0. 000 0. 000 1.000 8.0
o 0 0 1
1.000 0. 000 0. 000 0.0
BTA:' 0. 000 -~ 0.866 -0. 500 10.0.
0. 000 0. 500 0. 866 -20.0
0 s} 0 1
0. 866 -0.500" 0. 000 -3.0
CTd: 0. 433 0. 750 -0. 500 -3.0
0. 250 0. 433 0. 866 3.0
o 0 o) 1
2. For the three degree of freedom arm shown below, derive the link

parameters and the kinematic matrix for BT

"

hote: MO joint a@ie heve




3. For the robeotic system shown below, the location of the tool,

wTT, is not known. Using force control, the robot feels around with
the tool tip until it inserts into the socket (or goal) at location
STG. Once in this "calibration" configuration (in which (G} and (T}

B

are coincident), the position of the robot, T is determined by

w’
reading the joint angle sensors and computing the kinematics.

Assuming BTS and STG are known, give the transform equation to

compute the unknown tool frame, wTT.

A 4

~wi1G
Z("' 1 )
4, For the 2-1ink manipulator shown below, the link transformation
matrices, OTl and lT2, vere determined. Their product is:
5 clc2 -cls2 Sl llcl
T2 = slc2 | ’8182 -cl 1181
B, c, e} 0
o 0 O 1

Make the frame assignments and find the expression for the vector

OPtip which locates the tip of the arm relative te the {0} frame.



Tip

L 4

X1.0

L

(a)

(b)
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TS 5 SQUARE
TS 5 SQUARE
TS 5 SQUARE

42-381 50 SHEE
42.382 100 SHEE
42.389 200 SHEE
M

VA
.‘\.

narionacL

Forweonra Kinematic Problem Set One 2

1. Selutiown=

From -the Jiu%m»m abeue , ™ 18 ea&\tj 1o &ee that

Bl L ] @

BTc: Ta® Ta 'Tu—r

O.600 0.866 -0.800 10.0 05 086 © -—LO 0433 08 —06.5-30

L0000  ©.000 0.000 0\0] (03866 -0.5 © H‘o]“‘ 08 -05 0 -3.0)7!

0.000 0OBLO .66 200 | © o I %0 025 0433 086 3.0
N © o G(J\Oooi)‘(soo-‘j

(6500 050 0433 -6.5T54
OB 0625 -0.2165 [9.T8TT

~0433 ~0.2165 OX]5 23185
. o o o 1 /

2. Link povawmerers Table Seolution:
n 2o An On BTW = AiAx- As
_.__/‘_ e zo:... —‘:—* = _.®_|._ ) cCy O s © [Cz -8z 0O LICZ\‘ [CS =83 © [L:2Cy
z 0 Ap O =] S 0 -C OS2z ¢c2 0 L4S2||S3 C3 O Lst)
I S i e SR T S, 1 Il
BRI e ek mox = LR ER-S Y

CiC2Cz— &1S283 = CiCx8:~CiS2C3 Sy CiGeCs Lz-C|§zCst+C‘ézL1 }

- Sy CzCa~— 218283 =81Ca%3-88:Cz ~C; §CCyla~su8:2Clatg|e, 11
R:C3 —~ S3Cs 8253 + C2Cs 0 S2Cz Lo+ CaQ3 L2+S2 L1 !
L 0 0 o { J

MNote < This vesult 7= )dentical A0 Ahe exoma/o/e 7»3 m fext . pp. 131 -182
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2. Selution )

Once $G3% and §TE ave comeident GTT = T4 ( Is is 4x4 identidy moctrix

%@ﬂ 797(}"\ Hhe c&.‘a?nﬂm’t on dhe jqf-/ Ixan

W’
e FAIWWTT s cosy to see that
B M W W B s G
3 G MG
)\ \
¥ \L/ 9 . B - B— S aneweR
S%’<@ =Tt 8 Ig " -
.

4. The fmme as&ﬁnment‘%

FRAME 2
Q) _ERAME o ERAME 1 e
Yy
Zo -
&)
o ._-______V'L_____,
| Xo ] X
.' T
. : g
\d
o

NOTE = FROm THE FIGQURE (b) IN THE DIAGRAM, WE SEE THAT FOR

Xo, Zo ARE kNow\) , THEN Yo CAn RE ARIGNED A AR

t

RAME O

MRAME 4 = SAME AS FRAME O

FRAME 2 + WE knEW b fetd i THUS Z. IS FIXED.
2
b) P'HP:(LZ)O;O)) Thug
OPt. 0 . CCy —Ci8Sz Sv ligy Lz
Pl= Tz P-h‘r = |SiCz =S8z -¢, LS| | O
f Q, Ck | 6 & o
v O (@) o | l {
- |5 Gt B @,
Lz ShCz + L1 S
‘ Lz S=2
[ i \//
%S

O
P‘tiP: <L2C|CZ+L(C\ > L2S1C1""L\Sl) LZ%Z)




Ben m. Chen

ME 442 Robotics

Inverse Kirnematic Problem Set

For problem two in the last homework exercise, you developed the

L)

foward kKinematic transformn 'TS. This homework exercise will foous on

the irnverse kinematics for this manipualator. Use the following for

the questicns that follow.

C,C. -0, 5. . = l c,c. +1 cC
_ 1723 1723 i 21 2 171
T. " s, == - l.8.8. +1.s
3 1723 1723 1 B L S 1
S, o s O l.s_
23 23 o
© O O 1

Derive the irnverse kinematic relatiocnships for the manipulator

Joint angles for a specified BTw in the manipulators workspace.

For a goal aorientation specified as Trans(0 0 5) *RRY (0, —-45, 30),

compute the joint angles for a manipulator where 11 = 10
amd 1_ = 11.18. In a sketch, locate the goal frame and show the

manipulator in the configuration computed above. Show the frame

axes for joint 3.

Fer & goal crientation specified as Tranms(2. 486, 2. 486, 8. 484) =
RRY (45, —45, 30), compute the joint argles for a manmipulator where
11 = 12 awnd IE = 12, In & sketch, locates the goal frame and
shaow the manipulator in the conmfiguration computed above. Shicw

the frame axes for Jjoaint 3.



4. Givern the following E(Tw goal, compute the

same manipulator specified iw 3.

.6 et 5 . 707
B = 1.5 - iy
W
. 707 . 707 o
¥] O ©
—

Joint arnnles for the

ro

=

Substitute the computed joint arngles and livk lewngths back into

)

K

T Discuss this comparisaorn in terms of

W
workspace.

. )
T3 and thers compare the elemEﬁts af LTS with the elemerts of

the manipulataor



Homeu.:)ckjv){ nos 4- EE/ME 442 ROBOTICS l Leon m. Chern—

HEETS 5 SQUARE
HEETS 5 SQUARE

5 gHEETS 5 SQUARE
S

NATIONAL w

MWL%Mw&eﬁ ..... Lo

1. Solwtion: let DTS:BTN > we hewe

CiCzgy - C1S823 i L CicatliCy [ Ny  Ox  QOx Px
SiCzz - 823 —C L2 31 Sa+£:8 e Ny Olj Qy P{{ R
=3 Cas © £: s> f n O @& B
O ) @) 4 ( 0 0 0 1

Frem +he wmatyix eguatien obove ., we see thot

3 Sy == @i
o 1
] -Cg = Q:S
tan 6, = -CS—:’ = 01 = ATANZ (R x5 —-Ckﬂ)
@ % .wQZCICZ +Q€CI:PX = Cz=(PX‘£lCt>/«QzCl
£28. = Py > S:= Pi /4L
-3 ] o 7‘ ) ‘E,
tan @2 = ia Q.= ATANZ( —E{- > WZ’;C:Z = >=ATAN2.(P%) ch
@ Szz = Ny
= ©.+03z=ATANZ2(N3,03)
Czza = O3

So. we howe the conclusten mMmowd :

Q, = ATAN2 (Ax »—Qy )

Ga = ATANZ ( Pyl S

Px =0 C\
Qs = ATANZ (Mg, 0z) — ATANZ (P, =)

Note: we see that ol the ew\d{e& are obtoaineol ?-rom ATANZ /
F«mcﬁon&‘ Seo., ﬁav‘ O\Jiven BTW . We coeu on\j one get

@‘1 solutton for  the et a,ngles.




o
~
NaTionaL

oHOTI —OqoT| ©

Ja o O

By _ . = 5 .
Tiy = Trome. (@, RRY (S #BJOI= | ol i+ ooy O |
o O (@) 1 /1

Then Apply +the eguatiens & problem 1 . we hove
( 8y = ATANZ (ax,-ay)= Atanz (o, —[) = 180°
Q= = ATANZ (Py, Px/ci— L1)=ATANZ(5,-10)=53.43"°
zt Q3 = ATANZ (ng, Ox) — Q2 = ATANZ (O![O'H,o\?ror” )= 153.43°

= —[0%.43°

Heme work  mos 4 EE/ME 442> ROBOTICS ,/8@:7 m. Chern— oz
2. Solution = Frem 6.3 on poge W5 i text.
— CPz CPy  CDzEPySPx ~SPzChx  CP=2Pyehxt Sb,80x (0]
SPz8Py  edz sbj 8PX —CPzCHx 2Py chx— ChSPx |0
R ® ’ ) - H X 3
U T T i R Cdy Sbx Py ey 0
o) o) O d
Ty e Tllel (A ‘g .0 0
o | ol 16 >SN N = ¢
Trans (@, b,c)= .
T R o TS I o1 pl i 8
et SRR o T = 1 D6, 0 1
0-TOT1  —O.0T1 0 O
aos O =il O
RPY (0,-45,90)= 0
i 1 i | 00T O-Torr 1 0
L 0 0 O 1
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S So‘wbiog:
0.5000 -0.60  O.ToT1 O
45) ‘4~ i == 0
i 5700 OTOTf 0o o 0O
0 O O 1
| O ©O 2.486
Trons(2.486 , 2.486 , 8.484)=| O | O 2486
| O O 1 8484
Lt O o O 1
B = Trans (486,246, 8.484)-RPY (45,45,50) =
i 05000 - 05000 OOt 2.486
: 0.5000 - 05000 -O.TOT! 2.486 |
; oToTt oo o 8.484 |
) o} @) ; T

Then ]p}um sthe ]@rmw[am i problem T, we Aave

Q, = ATAMZ(CKx,——cxﬂ)= ATANZ (OO, o ToTf ) = 45°

Oz=ArANz (Py, Px/c, — £i) = ATANZ (8.484, -8.484 )= I35°

Oz = ATANZ (ng ,0%) — I36° = ATANZ (.o, 0.7OT1 ) —138° = — 20°

X2
4% 90
K/\A
B iR "
% e s )
kS P o
Zo YD ﬂ\ — | %
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4. Selusrtons

- ( .5 -.5 oot 4
i - 2
B — | 5 5 -oqo7
Tw 07T o.J07 0 g
0 0) @) 1

Once again , opplies Ahe epuotions in proklem 1 o shie BT, we Hade

r = MANZ (0 ToT, 0. 7o ) = 45°

SQUARE
SQUARE
SQUARE

wnw

s . Q.= AtaNz (@, —€.3431) = |28.41°

B3 = ATANZ (o.err, ©.qoq) — 12841 ° = — 83.41°

~z(§
¢ Sibetitute these axﬁ»/es el Lrely =12 Fo oTs ., we Hhowe
0.5 - 0.5 O\TO‘T 2.z213%
OT _ | o5 —O0W  -oqoT 151342
8 O Tof oo O 7.4030
- A > o =
One can see sthe olifferences HBetween the ﬂw{'h eslumns 70
&Y i | abol ST & . Iﬁam@%e trarsfmation BTw re =till within
] MY
the manipulator worAgzaace. Zhe /3w/plem re that- the epuatien
L
<4
DT& geven ot Ahe ‘éegtnhw ef sthie /A,c»ucwvf‘?é set e ;neoﬁ_gft,
For WP[@, ye call epuation (1) in /wro/o[em 1 . we b‘éu_awe
L2231+ 4,8, =S (an'Sz'{’—Ql): Pg
L8 = Py 8 S =ax \A
\ So, we  howe ax ( Pg—\-,a,):PS ______ (2>
— Then cheek PROBLEM 2 % QAx(Pyti)=0="Py . RESWTS IN PROBLEM 2 ake O.K.

PROBIEM 3 [ Ox(P+l1)=13.0T#2.486=Py , wreng Regutts.

PRORLEM 4 : Ox Pe+l)=1¥14+ 2= Pﬂ s %evﬁ Rekuctts.
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NaTionaL

2. Suppose Ahat the HRand evnﬁywra:ﬁow/ s given ,53 ;25///257
g 9 1 1
i1 a8 el &
U= o 1 O 3
o o 6 1.

What s sthe effect @f a itterential votatiorn” @/Q 015 yad abowut sthe Z

axis followesl by o olifferential tramslation 0/’»’ Cos 05 1.01" ¢

Seolutien: 7‘7011: She Givens » we Aoawve
szo, SJZO» Sz = 0.5

dx =05 > otg-—O-S‘ , de= 1.0

Se., we Hewe othe olifferential opereitor

C) =05 O 0.5

A= [OJB ¢} O 05
| O Q 0 1.0

L0 0 ©. 0

The eftect ie ohe olifferentied motion

O(TH:ATH

O — 0.5 O 05 D) @ ] i
|0 TTP O o“s* I B O 61
SN A aums camk - e T Gl -
L9 & @ ©) O o g f)

—O5 0 o) - 0.4

- © O ol 0\651

| @) 0 O I :

0 0 |
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nNAaTIONAL

_?_‘_I 6. Zﬁsmj =the shwl‘egg Aeseribeol m section £.2-3 f/‘no( HJ_zy . Thot g

ffnd a‘c//a@, ffnf“ Ahe ae,rr;ﬁ'rcu/a:tea( MCan/)l/b/&f“@r~

\S‘oru,ﬁont . Hfag o s .
Jer = —gT F Oy Px — Ox Py

=[—— Si ( Ceza C5 Se T+ S234 Ce )~ C'Ss Se]
¥ C\'szsq. Q4, +Cas Gz + Czalj

T [—_‘ @ (Czsq_ Cs St Sa34 C‘6> + S\ 8y S@]

Sl Cesg O4 T Cey Qs + CLGLJ
= %6234-(}4- + Cza Qg + Czaz‘? ¢

{ — S1C) C234C5 Se — S1C; 8234C¢ — Cf S5 3¢

+ S1C; Ce34. Cs Se + 1 S84 Ce — Sy 8586;%

= S5S8¢[Ces¢ Aa + C23-Az + Co- Q2] % \/




Homeweork no:s Robotica 44-2 ’,@eﬂ 7. Cher

5 SQUARE
5 SQUARE
5 SQUARE

nNAaTIONAL

7* (@ Fhe articwbated mam/oulaw‘ & n sthe e,evfiywmd‘zbw’c?tue/n/ P SXW/Q ) N
Given o O@?ﬁm’ﬁbf[ metrern o/Q [0"1! 05 Qs 0-1/ O 2y O]T) fiﬂ@l the

efiffeyen:h‘a[ oée\s/a/ace mend o/ﬂ she  fonol ﬁ@me.

Selutien:  Frem S2. (369> , we hewe.

fo4] [ o002

dx 8 o2 DZ. A O O

dy g =2 =L _\0, 0 0| 8 0.00
dz | _ o2 0 0 O 0 0.0 0.02
Ssx | |-t o o O 1 0] |of|=|+030
6y O 0O O O O 0] |0z 000
| $= D T 1 0 1} 0] |[ow©

Cb) Finad HA fcyr +his eaﬂf[?u,ral‘?—bw~

0 -0-10 0 0.02

Mo = | ©10 0 0.0 0.00
0 - 0.0 0 0.0
o) o) O 0

\/(

CS Find +he motion ef the hanel , as measwrcel 3 Bose eporolinotes s that ig

frna{‘ ol ThH
o T o= Th T4
0 | 0 ~-0.20 O -0.0 o0 0.02
R QO |_| o0 0 0.0 0.00
“l-1 ©® o 2 0O -0u0 O 002
6 O o ! O 0 O o

0 TD @) CEALG) O 1

ok 0 0410 0 - =0.0%L
O O«D 0 —-0.02 }
O o) e @} / #
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8. Given sthat she ocuwrdrculedtedd mmpu.{wrv ;S m ahe /aﬁ//am)irﬂ Stete.

f;nef the J‘oinf’ velocilies cowesponoén'g s a Cartesiom UG—QOQC«% 70

X [ 02 |
y 0.2
£ _ o
de| | 0
Py 0
| Pz L 01
Solution From Jivens , e Hhawe
0 =61l 6 0\2]
Ha_| 01 0 O 0.2
A O (D) O O.7T |
L O ¢} o O J
chl ‘Hl@/l'/
o 1 'a 1 O —e.t 6 G2
AT=RTafa=| ! 0 0 2|0l O O 02
© o4 5|0 © O ofl
g oig-1) L6 O 0O D
(01! O] 0 o.2
B o =04 O 0.2
1 0 0 O =oq
L8, 0 O 0| ol
V
We howe }So(—OZ . Py =02
Q,:—_‘i'om"'—% :hn"—%—: /NIO’] e

. ' @S@v‘sg - 8m@, ‘;7( _ |
6 = Pxeesg, + Py s™81 244 ved /AT comp

&

P




ra
V]
natiomac

F&m Eg (T~53> , we howe

P>+ Po— Qs — Qs
el 35 o = —0.8233
Cs Os 2a= s g

20:-Qy ~203=P>+ P, —qf —a:

~ 202 03 & Qar O3 = 2P +2RPe

ég = PiPy+ P P2

wos TS
0=Qz 883
wheve Pr= Px-C t Py S — Q4 Cazg = Px-C + Py~
P= PcCi— P Sy 6+ PySi+ PyiCit 01+ Qg tang (Sut
~ 2
P> = P2 — aq S234 =Pz —Qa
> ® O
» = Pag — Q4q Chaq (S'Z](fg%+®¢)
Frem (T\‘US)
Qz C2z34 = O ( Ox =Cy=0)
dz Czst{. — Az 2234 (@.2+ ég + é(_[_, ) ==
Q-t+60: + 8a= 9o0°
<~ éz+é$+é4:0
& Pr = PxC +Py-3y= 04435 + 2% 0.87436 = 2”2566,7
P.= Pz Q4 =5 —.2= 4.8
;Ql = .2X 0\4475§+ |x0\8‘74~$€ xo.04 + 0.2X 0.8j436—2 xm&d]&‘

3 .

P = B = 9%

Q= 146.44° e Q3 = 0.58277

J_o\‘vx't Ve locttiess

@ _ 2-23607 x0.26833 4+ 4&X (. T)
3° R X 4 Xo&€ 277

= - 0.41609 vad / A+ senp. OK

8yt

'x 8.04
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The following questions conceéern path planning using the two link

- ’ 'ME 442 Robotics
Path Plenning Problem Set

[ B

planor manipulator used in cless for examples. Link lengths are
l1 = 10 and 12‘= 8. The hand frame does not rotate with respect to
the base. The questions will use the following four hand frame

positions and the elbow up option for the links:

Pl Px Py t;me, sec

1 10 4 0

2 8 6 !

3 8 8.8 2

4 10 10.8 3
1. Using a conastant velocity trajectory with parabolic blends,
compute blend times for the joint wmotions for a movement between Pl
and P4 (do not pase through P2 and PQ). Use a constant gcceleration
of 1204 of the winimum permissible value.' What will be T3 at 1.0

second? At this instant, what is the roll angle of the hand frame?
For these last two questions, wmaintain four decimal places of

accuracy.

2. For the joint angle, 9 and using a8ll four points, plan a path

1'

uging a 3rd order polynomiml for P to'PS and 4th order polynomials

2

for P1 to P2 and P3 to P4. Match velocity at P

velocity and acceleration at P
P

> and P3 and use zero

and P4. For the velocities at P, and

1 2

5 ugse the heuristic that wvas presented in class.

3. Repeat 2 using.P_, and P_, as via points.» Instead of polynomial

paths, use constant leocitiZs between the points and constant
acceleration blends at the points. Peth must start at P1 and end at
P4. Uge 1100 degrees per sec2 for the blend acceleration with the
sign selected using the algorithm for blend paths. Provide answer as
e table that indicates the times for blends with the acceleration

values and times for constant velocity with velocity values.
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Solution:  Fyom +he lecture on Se’;temb‘ék 4, we hawe +he inverce féinema:trs
?ov the " elbow up N lolomor- ma/yu;Pulcu{—mv‘ And since fand fmme
does Mot Totote with Yegred? to the base ., this iwplies OO+ =zRY

SZhen we Rave ]@O[\cwbw\? cpuations :

f Cam (PEHPE-LE-42) /20 Ls
S —dd i T

Ki= £ + £=C»

Ke= 4= -%;

Q)= ATANZ (Py , Px) — ATAN2 (K2, K1)

Q.= ATANZ2(Sz,C2) . SSzr@\”®z

L(SV()? +hese egua:hfens . we are cble o eam/mdé

P : P P5 0 SH CE T (see)
1 I¢ 4 €6.91994° —I074576"  4053766° 0
2 ] 6 54.02625° —13.5782° - 29.55195° (
3 g 88 89.48176° -98.05]° 8.62394° g
4 10 10.8 78.08487° ~ qonIge  — 27247 3
<, - A®
i /
A




Hemguoo"fk no: 6 pakoffcs 442 Ben m. Chen 02
Frem metes , we hawe fello% formulas @
émm=4—(@f~®o)/13c"‘ --- - (D
O =1zx Omin LI
=8 _ VOG- 48 -0 S
28
' Bt) = Qo+ L+ 0t n o0 tsty
And e
Q) = Qo+ tQts+ t-Tuw)- ot te s tstf%x
O = goti 8ty + (f3—2t)-6-te 5 Grteststy

+ §tp(t-te tte) =16 (t-ty+tu)

FThen /@r\ @1 3 =
Gljz = 7@\084-%7*’ Qio = 66.91994.° ff =8 ge¢.

B1-min = 4 9613 deg /52 = 6 = 5.95436 deg/k?

tw= 15 — 0.6124 = 0.8876 second

0, (1 cec) = 66.91994+ = X 5.§5436x (2876 ) +

(1- ©.8876 )X BIBA3E X 0.8876 = 67.8574°

for 6n

Baf = ~TOTHY° | Q20 == i07:4576] tp = sec,
@Z wn = 162759 — (32 = I7.5550 &9\3 /sec?

Tee = 115 - 0.6124 = 0.8876 second| .

( Nete = it g 908\3 to prove that tu s inerFamoﬁe,nT
?f ny o ok Qo)

Q-2 (1sec)= — 7’%%0350




|

T (N - 6 i 4z

fo*r SRS

an = '4‘0~55’T660 Ggf e 7~2924_7o
Os win = -21.25784 Aef /secz = Qs = —25.5074 deg fode ™
t3\r> = Tip =tz = 0‘8876 gec .

Qz (1sec) = 27.9441°

Cheek + Qi(1sec)+ 02 (1 sec)+ Oz (1sec) =
69.8598 —37.8035 +27.9441 = ©O° (agreed )
Ahswsn s Blend time Q)] m O  to 08876 second e

©
G Tfom 08876 o 2124 secends [ ©
GD - fyom 2,124 to B seconds |; —-&

Subtitete @i rsecy , O (Msec.) ol Oz (1sec.) into sthe ;@»w

M metes , we Howe

Cizz ‘S\zs' O Oic+ 25Cs
o — Sz Ciz23 O Qc&,-‘- £z8|2
e O o 1 o |
O O O 1 J
1 0 O 10.51052
_ o ¢t 0 56397
O O 1 O
O O @] 4

Ralf a/v@]e cf the hand fm,me ot t=1.0 cecend

@3 (1 sec) = 27~ 7444 ° /
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From mow on, all 81,085, -  vepresevt 81 i dettevent sepments:

L 8748176,

66.9199 1
L — -t

From the lecture , we -have ( hewrigtic )

A Ok+1 - Bk Qx— G- i =z
= , = o =h=f =2, 3
@ K 2 (T =T ¥ Z2(tk—Te-0 f“ i

§12 = (84.02625-66.9199) = I.10635
O23 = (89.48176 — 84.02625) = 5.4555]

Oa4 = TBORUBT — R 4RI76 = —(;‘3?';87

Q> = 11.280¢3 ©leg /cec
és =0 "er /seconel .
Path constraxnts

(66.9199 , Q) (8402625 , 1.28093) (8p4&iT6 , 0)  ([8.0843T, @)
P P2 Ps |7

For Reth Fem Poto P

Qittr=Qe+ A T+ QrtF+Qs \_t‘g -!‘CWL’([L‘L

©1(0) = Qio = - 66.7199

Qi LO)= @ = © .,
éq (0) =2Q12=0O ~

®, (1) = Qo+ AQiz + Q4 = 34.02625 g Qiz +Q 4= 17~10685
: =
303 +404 = 11.28093

@ly(l) = 30+ 4Qu4 = ll\Z%’OC]3

= Qi = 514447 ; Q= - 4003812

S.o 8D = 66.9199 + ST |4447 i =i, osgizt,"
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Homewofﬁ no: 6 A2 C R M. oL
’_2V1<3Q &ﬁmen‘t 5 f*rom P> to Pa
- Q2 (t) = QRzo0 + Qz trt Gzt + QRaa ts
0. (0) = Qzo = §4.02625
Q2 (0)= (4 = !1-280F8
Oz (1) = Q2o + A2y + Qzz + Qzs = ~‘8‘f‘481 VES
G2 (1> = Qar+ 2Q22+30e = O
. Q2 + Qzs = -5:82642 " % Qs =—6.19533
== ; 2022 + 3Rz = —H\28073 Q=2 = 036991
e B2 (ta) = 84.02625 +11,28093 1, — 619533 T3 +0.36991 t5
Last si?w\en'tl
Qs(ts) = Qso + s ~Tzt+ Qza-ti + Ara Ty + Qsaty
s (0)=@Q30 = §9.48176
ad és(D) = Az = O
Qac) =  8P-48I76 + © +Qsz+ Qas +Qzq = 78-0843]
s ()= © 20s2 + 3Qsat4as4 = O
és (D= =zazz+ E0zz + 12034 =0
Qzz2 tQaa + Qg4 = “H.%?’T&?
Solve 2022 t 3023 +40:4a= O
2032 +6Qs2t12Q3a = O
Qzz = =—68.334
we Hhove § ey =5k 4ET
Qsq = -34.192
Qs (1) = B8R 4RIT6 —€g884 Ty + a9 ts — 3409217 )
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(O] S

&

e taob bt

O
h ’ . 89.438176 !
: | T Ty
s
i

< Ty —"F“Tu“':@ —tl"‘f
84-.02

: 7808457

I
1
|
|
!

t

|

|

|

|

I

|

|

l
le—ta12: tolzs —k— tdz4—
1 1 1

Civen b léll e ]@Z(:lé&‘:]@d = {0E) &,egmeg/&ecz

Fivet segment 2
~NJ

Q; = 8GN (34.02625-66.9199) 100 = 100 oéedvee&/gec?

_ £} 2 2(84.0z625-66-P177) TV=
= [ | T 3

= 0.\88? gecondl g

Qr = (82*@1)/(t°€‘1~95t|)
= (84.02435-66.9199) / (1 —0.5 x0.1889)

= 18.8006 cﬁejree& /gec.

tie = | — 0889 — Lt, = 07489  asecondds |

Point 2=

3 6:—6 el :
Q22 = fmz: = 89‘4’9"76484“02623" =5.4556 deg/<ec.

ve

O: = SeN (=3 — 82) 82| = 26N (5.4555 - 18,8906 )+ 100
= — oo eer /cec?

ts = (5\4v;t;5~l€\8?06)/(~¢00) = 0.1344- SQQQY\OQ&

Tz = | — & xo0.1344 ,--le'ts = 0.8449 sec.
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Last segwment ©
i

= Id erLTrees /sec?

2 (04 - 931 )‘/L
Qa

L _ 2 (78-0B43T - BP.48176) V2
+ 1 ( |+ 10O )

tg =T - (toQg;, +

= 0O. 1213 &ecenO’(S«

T8.08437 — Q9 .4R176 - — 2,385 .Jisjs /eec .
1 — 05 X 0uzid

@34 =

tTase = 1—ouziz —<+ T3 = 0.7907 zecond .

Qz = s&N ( O3a — G2z )" fé\_zf

= ]GN (‘ 121335 — B4BR5 ) - 00 = —leo of’tﬂf@es/sec?'

Ts=(83qa — 23 ) /8:=(-12.335-5.4555) /oo = O. 1759 sec/.

Pp. ¥ -6t te T o O
{ 6199 0.1889 100
07439 18.8506
2 -.0263 01344 —100
08449 5.4565
3 89.4818 0.1787 - 100
Wils ~12.1335
4 %0844 01213 . 100
L T _.V——-—-__/ /
Total time f}

= 3.0000 &econo‘s )
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ME 442 Robotics

Programming Practice Problem

The twvo link planner robot is used for a pick and place task.
Pins are picked up st a single location and then moved and inserted
into a receiver assembly. The assembly recieves twvo pins and then is
removed to be replaced by a newvw assembly that will recieve pins.
When the assembly is in position, it ies rigidly held by a fixture so
that the insertion of pins will not change its location. The
situation is shown below and the arrows and labels identify frame
transformations. Use the pseudo code style to prepare a program that
accomplishes this task. Using the dimensions and orientations shown,

determine AC.

\E’:
|
Om);
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of

T

7’@23317)7»7757 LRactice FRoblen./
_Program
ICPp=g
k= 1
(WHILE

MAN= C~'%x T3
MOVE Ac

MOVE Gec

GRASP

TCP=E* G

OTkI =F * Orlk]

MAN = OTkI '* Ts
MOVE CAo

MOVE  CFe

OCkT= Ts * TCP * CF.™
F = OCkI % Oplk] ™

RELEASE

MAN=CF. ' OIR] '% Ts

Tep =g
MOVE  Ac
k= k+1

WHILE ) k<2

END
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[rem he oliagram , we see =that . Qf we dofine #he coordinate

systems A, B o these ™ +he ‘oﬁlﬁmm, then B can be

obtained lij yFation oF —CfO° about X axig _ fotlewee—( énf G

o‘Q-‘spiacemevﬁr of Lo, 6,037

Ac = Trom0,6,07 * Rot (7. -¢0°D

I O o O] o!oOji
_|lo 1 o 6| -1 0o O]
o Oo0 41 © G o | ol
OOOT/'LOOO"J
1 O o .
_ |-t o o 6
T o o 1 ©
Lo 0o o 1
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THiE  Fotlow i
2,3,26,2.7,

ﬁﬁ%;?(mffﬁv’!%‘ F&fw‘f Z{; Ve T/‘E—XT—
A 8/ 2'? Y, 24’!0 / 2,/

You are given a 1000-count optical encoder as well as one 8-bit
counter and a 4 KHz clock. Find the minimum and maximum speeds that
can be measured.

An incremental - encoder is wused to measure the position and the
direction of rotation of a shaft. The output signals (V1 and VZ) of

the encoder are decoded by the sequential machine of Figure 2.12
(p. 24) and the synchronizing circuit of Figure 2.14 (p. 30) respec-
tively. Complete the following timing diagrams and compare the
outputs of the two decoders.

Pl oy -

=

| AJT 18 §]__ 1 L fé .’ l_{ L

¥ T H
P P i
: ; ,

V2,




For the 3-bit successive approximation A/D converter shown complete
the timing diagram. Make sure that you start the process properly.
Assume that Va = 2.3 V. What is the .purpose of FFE?

3-bit D/A converter

G
Yo MSB
Comparator

il

Clock (

. Cn
_jny< Vo .;
“ o2y, |0 9 " e
0, 0; 0 B8
FF3
SCR
™\ Vg
4 O [
ToR,
of FF1 and FF2
FFA |4 FFB ¢
Q,c 03
D, Dg
I_ (5 C
I 1

A 3-bit successive-approximation A/D converter.

i

i

—

I8 |
ok
Qc
Q D -

[ge |

@2 ‘

Y
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! i
|

Coa




or
i Sor

e T P TS )

TGz

<O

/66.»1 m. Chern

1 . 'y

EE/ME = 442
O
Q
-
-

kS

TUoUM|eS

.un\mﬁ\\lom.%\ Jﬁﬂmwm o w\O Mw:o\.«na@ »mw Qyr uo @wﬁt&@ QY %/:.,_30*‘@ ﬁxﬁ;%ﬁwwu

KW.E}CK P8 roray= v FORYSUGH "2l -Q9 v S ER\E WUO%O Qyp _poyxr SUNSTO \m8§&mé£ T OpIM Sw Qeg Sww wmgwﬁn\ oY Joyp ownssl

Hbme\ootyl no

.?:N.%,m/\ Jo e oy ox prdu oxo (ost0 <0 260 )y m:S&.,/m W Umeys SOy Dy ®%§x® Sospd o ovuendos v oy wamsy g




| |

HOME?UOO\’& nos-g % EE/ME 442 ; ’56)’) m. Chen

02

2.6 Tou Have some epﬁcql shofl’ encodlere with 1000 c(‘ffde& Q‘F the Wi eui?u:l”

fovv one vevoluten Q]Q Qha,fv, Aa&um?vﬁ mox . ePeeoQ ef— t+he @(/\ov-\-t e

on vevelution per second , cuse the \fe@uiWQOL clock &[mee:oﬁrg.

Selution : the pulse wide for vi = !/iooo= 1 ms
Then A  |-kHz clochk mngwe 1 count ot -thig vate . But it

gives us move meaeuvemert ewors

We W\c:j‘ clroose the clock vate nwek Jt@‘\%\f\ thoun ’T\K/

2.7 | On Hhe zﬂfmrzy o&aﬁr@ﬂl " F{?‘“’Q 2.P1, <hew =the oedpuct 7[;#19 ]Qur

£op —pLlops i Fre. 204 .
d 1 ¥ L3 \)

5&‘&#{“&)’\ =

[ | -
|

- | l

! t 1

v, | |
|
|
|
|

| !

. | | ,
CLOCK . %LHW_TU-U*LWJ L
" L —

Tl —

i3>
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22 ',Dest;crn @ euccesive appvoximedion vegistert (sepuentiel machine) {feor
N a 4 —bit A/D converter. A stote onagmm e all thed e \ﬂe@ﬁweo{"’.
Selutian: BB Q3 Q4
Of O&
H _— L
/ \‘N\
01100 00100
> ~
o S g
/ o / \\\‘ |
oo 0l010 O% CooTQ
H /fj ‘\L/ i’/\l\, H/ \\L- H/\L/
./ \\ \\ /‘// \\ / \\
\‘\. ‘x ‘L »’ \.
Ol oll 01 OIOH Oloo!  00II] 0001 OOOH 000N
/
/\ H/\\L H O\ H//\L H\ /AN
T
/ \'\ d o / \ / L
1”1 ”“O ”01 INOO TTOH HO[O HOOT 11000 101 [OM10 )OlO'( JOI0D |00l| IOOIO 10001 10080
State Takle (tee wnext page)
Cirewmit ¢
unknown
D &
Dy _
o L8
D C
& —
&s 1 ) A
C.
Q| =
&—
C/
Gﬂmpleﬁon bt
&‘L !
)



le’ﬂ'P[ehbn bit

Stte Table:

Qﬂl,q.f.l
XO4ODO1OOOTQOQTOX1/14\04\14.‘01414.. .

MR
LO00—_00—000

f{.vAOOleAIAl.IOOO.I.A(TT\M
<x0Q00—=" w

t

Q: Qs Qa

&y

&

Output Of Comp.

OcOc-c O« 0«0 ~0~0v0«c 0~ O0Oc OO0 «cC-O-O O O~
OO11\001:\001100110011004100110014&

00000000 s~ vr- e+~ 00000OV0V T T~

(9]
H)

Fom This Table , we see that

Covng)\e‘f:fo n

C

QZ 1= @l'@t @3"@4‘

T =
2

2

@I+ — @q‘

Qst= 0:-Q4-C + @E:Ba-C + 8 QT

Qq~C + @\\@rc + ®QA.C

+@3\‘

g

Q@ _;é@

Qi Qz QuC + R:03QeC + QB:-Q

Q4 =

+ @Qz-c+ QaC
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2.7 Flow chart a program +o perform A/D cenversion using the succecive
approximottion algerithm . Assume —that the computer has one Wnput , fromn

cxvxaﬁoj 'comlamrd'tm", onndl ezﬁkt mfuotg, to +he D/A -

Sdutton: Assume that the eight sutputs ,+o D/A are
D-——(D{( D. Dz Da DS De D-] D8>

A[%ovﬁh m T

Set D=(10000000), IZSJ

[Sendk D to D/A]

Read A 'F"‘"“ w”‘qu

J

LE@:E Divi:=0; D=1 [
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210 . Solution 1 Ceveult

Lt M

%
=)

1]

z

o

|

3

Timing  diag veum =
) I U

{ERCE | !
ek 1ML LU LD
g e

Ckecgeoo\ ! \/

24 Solution « I:f all the devices ™ Y aQeekths e ?oﬁea%)
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Homework no:8 442 Ben Chen 7

Handeut 2 . Youw are given & {000 — courvit Qfﬁca‘ encoder as well ag

one € —bit ceunter owd a4 KHe clock . Fincdl the min. & max .

speeds thot can be measuyeck .

Soluxion If we choose to uge a 4 KHz clock, 255 counts (&%

will yepuive 65\7’5 me .
= V) f”dsg S 63.75 ms
loOD X 63,7; me = 63.75 cecondl .
i nmam vqloeifa = 0.0156%6 ’revo\wtmn/seco“ok.//"
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(3) PRes=t the conveer ;, when

Qe =1 .




